Manganese (Mn) is a neurotoxicant in various animal species including the chicks. The present study examines the effect of Mn on the behavioral response of chicks, plasma and tissue Mn levels and the effect of the metal chelating agent disodium EDTA in reducing high levels of the metal in the plasma and some vital organs. Day old chicks were provided with either deionized water (control group) or with Mn at 1 g/L of deionized water as the drinking water for 14 days. On treatment days 7 and 14, all chicks were individually monitored for 3-min open-field activity and then they were subjected to tonic immobility test. On days 7 and 14, the concentrations of Mn in the plasma, whole brain, liver and kidney were determined by atomic absorption spectrometry. Seven or eight day-old chicks were treated intramuscularly (i.m.) with either saline at 5 ml/kg (control), Mn at 20 mg/kg followed 30 min later with saline, or with Mn at 20 mg/kg followed 30 min later with EDTA at 50 mg/kg. The concentrations of Mn in the plasma, whole brain, liver and kidney were determined two hours after the Mn injection by atomic absorption spectrometry. Mn increased the general locomotor activity of the chicks in the open-field arena (lines crossed) and decreased the duration of tonic immobility response of the chicks on treatment day 14 in comparison with the control group. The administration of Mn in the drinking water at 1 g/L increased Mn concentrations in the plasma, whole brain, liver and kidney of the chicks on days 7 and 14 in comparison with the control values. Higher levels of Mn were attained on day 14 compared with those of day 7. Injection of Mn at 20 mg/kg significantly increased the metal concentrations in the plasma, whole brain, liver and kidney of the chicks. The highest concentration of Mn appeared in the kidney followed by the liver, whole brain and the plasma. Injection of EDTA at 50 mg/kg significantly reduced Mn concentrations in the plasma and whole brain when compared with those of the saline-treated group. The data suggest that Mn is well absorbed and distributed into the tissues after exposure of young chicks via the drinking water or i.m. Mn changed the behavioral performance of the chicks and EDTA effectively reduced acute Mn overload in the body. These results further support and expand previous studies concerning the experimental use of young chicks as a potential model of acute Mn neurotoxicity.
INTRODUCTION
Manganese (Mn) has been reported to induce neurotoxicosis in man [1, 2] as an industrial poison and in laboratory animals under experimental conditions [3] [4] [5] [6] . The toxicokinetics and tissue distribution of Mn are used as biomarkers for the assessment of potential toxic effects of the metal and its antidotal therapy, since Mn is differential distributed into various organs of the body including different regions of the central nervous system, (CNS) [4, [7] [8] [9] [10] . Recent studies have reproduced and characterized Mn neurotoxicity in young chicks [5, 6, 11] . Single doses of Mn as low as 5, 10 or 20 mg/kg, i.m. were associated with reductions in general locomotor activity and behavioral depression in 7-14 days old broiler chicks [6] .The toxicokinetics and tissue distribution of high doses of Mn have also been reported in chicks [6, 11] . Mn administration at the dose rates of 10, 20, 50 and 100 mg/kg, intramuscularly (i.m.) resulted in high levels of the metal in the plasma, brain, liver and kidney [6] . The elimination half-life of Mn after an i.m. injection of chicks at 20 mg/kg was 3.02 h with steady state volume of distribution 24.34 L/kg and total body clearances of 4.78 L/h/kg with a 3.12 h elimination half-life from the brain [11] . Based on the chick studies [5, 6, 11] , the potential avian model of Mn neurotoxicosis appears to be an added model to the already existing animal models of Mn neurotoxicosis [3, 4] . The present study further examines a different aspect of such a model, including behavioral performance of chicks following exposure to Mn in the drinking water, measuring Mn levels in the plasma and tissues and the use of the metal chelating agent disodium EDTA (disodium ethylenediaminetetraacetate dihydrate) in reducing the toxic levels of Mn in the plasma and some vital organs. These are important aspects of any potential model of Mn neurotoxicity addressing the hypothesis that exposure to high level of Mn results in increased Mn concentration in the CNS affecting the animal behavioral responses, and the metal tissue burden would be vulnerable to modulation by the chelator EDTA. We attempted to monitor the behavioral response of the chicks following exposure to Mn via the drinking water subacutely (14 days) since the effects of injection form of Mn was reported to cause acute behavioral changes in chicks within 30 min at 5-20 mg/kg, i.m. [6] . The second part of this study aimed at reducing high Mn body burden within two hours with EDTA. This can only be achieved by injecting Mn systemically as oral intake by the drinking water needed days to achieve almost similar levels.
MATERIALS AND METHODS
One-day-old broiler chicks of both sexes, obtained from a local hatchery, were housed at a temperature of 32°C to 35°C, constant lighting with wood shavings as a floor litter. Water and feed were available ad libitum. The Scientific Committee of the College of Veterinary Medicine at the University of Mosul has reviewed and approved the protocol of the study in chicks. All the experiments complied with institutional regulations addressing animal use, and proper attention and care were given to the chicks used in this study.
Effect of Mn on open-field activity and tonic immobility response
Day old chicks (12/group) were provided with either deionized water (control group) or with Mn (MnCl 2 .4H 2 O, Avishkar, India) at 1 g/L of deionized water [4] as the drinking water for 14 days. On treatment days 7 and 14, the control or Mn-treated chicks were individually monitored for 3-min openfield activity (latency to move from the center of the open-field arena, number of lines crossed by both feet, number of escape jumps, frequency of defecations, pecking and distress calls) as described before [12, 13] . After the open-field activity test, each chick was subjected to tonic immobility test [13, 14] .
Determination of Mn in the plasma and tissues
On treatment days 7 and 14, blood samples (1-2 ml) were collected from chicks of the control and Mntreated groups (6/group) by jugular vein bleeding into heparinized test tubes [15] . Thereafter, the chicks were euthanized by cervical dislocation to obtain the whole brain, liver and kidneys. Plasma was separated from erythrocytes by centrifugation of blood samples at 3000 rpm (Chalice Medical Ltd., U.K.) for 15 minutes. Plasma and tissue samples were stored at -18ºC pending Mn determination within 48 hours. The plasma and tissue samples were digested in 65% nitric acid with 24-hour incubation at 70ºC [16] . The concentration of Mn was determined using atomic absorption spectrometry (Novaa 350, Germany) with UV-visible lamp and air-acetylene burner.
Effect of disodium EDTA on plasma and tissue Mn overload
Eighteen, 7 or 8 day-old chicks not treated with Mn previously, were randomly divided into three groups of six birds each. The three groups were treated as follows: Group 1 (control), saline solution at 5 ml/kg, i.m. followed 30 min later with saline solution at 5 ml/kg, i.m. Group 2, Mn at 20 mg/kg, i.m. followed 30 min later with saline solution at 5 ml/kg, i.m. Group 3, Mn at 20 mg/kg, i.m. followed 30 min later with disodium EDTA at 50 mg/kg, i.m. The injectable solutions of Mn and EDTA were prepared by separately dissolving either Mn chloride or disodium EDTA (Fluka, Germany) in deionized distilled water. The dose rate of Mn at 20 mg/5 ml/kg, i.m. was based on our previous study in young chicks [11] , whereas that of EDTA (50 mg/5ml/kg, i.m.) was based on a preliminary experiment in chicks. Plasma and tissue samples were collected two hours after the injection of Mn for the determination of Mn concentration as described earlier.
Continuous data were statistically analyzed by one way analysis of variance followed by the least significant difference test [17] . Non-parametric data (ranked or discontinuous) of the open-field test were subjected to Mann-Whitney-U-test [17] . The level of significance was at p < 0.05. Table 1) . The metal also decreased the duration of tonic immobility response of the chicks on day 14 in comparison with the control group ( Table 1) .
RESULTS

Effect of Mn on open-field activity and tonic immobility response
The 3-minute open-field activity patterns and tonic immobility performance of chicks treated with Mn at 1 g/L in the drinking water are shown in table 1. Generally, Mn did not produce overt signs of toxicosis. However, it increased the general locomotor activity of the chicks in the open-field arena as seen by a significant elevation in the numbers of lines crossed on day 14 when compared to the control group (
Determination of Mn in the plasma and tissues
The administration of Mn in the drinking water at 1 g/L significantly increased the Mn levels in the plasma, whole brain, and kidney of the chicks on day 7 and in all the tissues on day 14 in comparison with respective control values (Figure 1 ). Higher levels of Mn were attained in the brain and liver of the chicks on day 14 compared with those of day 7 (Figure 1) .
Effect of disodium EDTA on plasma and tissue Mn overload
Injection of Mn at the dose rate of 20 mg/kg, i.m. significantly increased the metal concentrations in the plasma, whole brain, liver and kidney of the chicks when compared with those of the control group ( Table  2 ). The highest concentration of Mn appeared in the kidney followed by the liver, whole brain and the plasma ( Table 2) . Lines crossed 18.7 ± 3.9 27.7 ± 5.9 7.0 ± 2. Injection of disodium EDTA at 50 mg/kg, i.m. significantly reduced Mn concentrations in the plasma and whole brain when compared with those of the second group treated with saline solution ( Table 2) . The EDTA-decreases in Mn concentrations in the liver and kidney, however, did not attain the statistical significance difference (Table 2) .
DISCUSSION
Limited information is available on the neurotoxicological profile of Mn in the chicken. The behavioral patterns of acute single dose injections of Mn in young chicks were found to be reduced general locomotor activity and central nervous system depression [5, 6] . In the present study, we attempted a different method of Mn overload which was waterborne exposure via the drinking water and then examining the behavioral performance at ages of 7 and 14. Interestingly, this method of oral exposure resulted in changes in the open-field activity (lines crossed) that could be characterized as hyperactivity. The decrease in the duration of tonic immobility in Mn-exposed chicks further support the notion of stimulant action of the metal on the brain of the chicks [6, 13, 14] . Waterborne Mn overload was reported to induce locomotor hyperactivity in rats [4] .The results of the present study when compared to our earlier findings [5, 6] suggest that the route of administration and acute vs. subacute forms of exposure to Mn might produce different neurotoxic behavioral changes [4, 8, 10, 18] .
As found in the present study, Mn administration was reported to increase blood and tissue levels of the metal in various animal species [4, [8] [9] [10] including the chicks [6, 11] . Increased Mn burden in the tissues correlates with toxic effects seen in various organ systems [1, 4, 6, 7, 10, 18] . The variations in Mn concentrations in the tissues could be attributed to the distribution, metabolic and excretory patterns of Mn [8, 19] . Routes of exposure play also an important role in tissue Mn burden [4, 8, 10, 18, 19] . It is therefore pertinent in this context to suggest that waterborne exposure to Mn for 14 days could result in an accumulative form of Mn body burden when compared to the acute single dose injection of the metal. The plasma elimination half-life of Mn in chicks after an i.m. injection at 20 mg/kg was 3.02 h with high steady state volume of distribution 24.34 L/kg and 3.12 h elimination half-life from the brain [11] . This dosage of Mn was reported to alter the general activity of the chicks in the open-field behavioral test accompanied with depressant actions [6] . The significant appearance of Mn in the whole brain of the chicks further support the potential use of chick as an animal model of Mn neurotoxicity [6, 11] . Disodium EDTA is a metal chelator used to reduce high body burden of metals [20, 21] . In the present study, EDTA significantly reduced Mn concentrations in the plasma and whole brain (Table 1 ) within 1.5 hour after the administration. This is in accordance with the pharmacological effect of EDTA which differentially binds excess concentrations of metals [20, 21] . Further, the reduction of brain Mn by the EDTA injection supports the potential experimental uses of this chelating agent to modulate neurotoxicity of Mn in chicks and possibly other species. EDTA also reduced Mn burden in the liver and kidney, though nonsignificantly. This lack of significant reduction of liver and kidney levels of Mn by EDTA could be attributed to the fact that chelators are not equally effective in reducing tissue metal burden or preventing the damages inflicted [20] [21] [22] . Furthermore, we used only a single injection of EDTA, and probably higher doses or repeated treatments might have been more effective in reducing Mn burden in the liver and kidney. Monitoring urinary excretion of Mn might have been useful too, a measure which was not done in the present study. Generally, blood or tissue Mn burden is considered as a biomarker of the metal exposure and potential toxicity [23] [24] [25] which was clearly demonstrated in the present study. Further studies are also needed to examine the functional aspects of the liver and kidney following Mn overload with concurrent EDTA therapy.
The present data suggest that Mn is well absorbed and distributed into the tissues after exposure of young chicks via the drinking water or i.m. Mn changed the behavioral performance of the chicks and EDTA effectively reduced acute Mn overload in the body. These results further support and expand previous studies concerning the experimental use of young chicks as a potential model of acute Mn neurotoxicity.
